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a  b  s  t  r  a  c  t

A  novel  single-step  microwave-assisted  process  has been  developed  to synthesize  spherical  �-Ni(OH)2

superstructures  without  using  any  templates.  Structure  characterizations  show  that  the  spherical
�-Ni(OH)2 composed  of  twisted  nanosheets  was  obtained.  The  electrochemical  properties  of  the  as-

prepared  materials  were  evaluated  by  cyclic  voltammetry  and  chronopotentiometry  technology  in 2  M
KOH  solution.  Due  to the unique  morphology,  the  prepared  �-Ni(OH)2 electrode  displays  a  high  specific
capacitance  of 2147  F g−1 at a discharge  current  of  1 A g−1 and  outstanding  cycling  stability  (99.5%  capac-
itance  retained  after  2000  cycles),  suggesting  its potential  application  as  an  efficient electrode  material
for  high-performance  electrochemical  capacitors.
. Introduction

It is now emergent demand for advanced electrochemical
nergy storage systems in parallel with the development of energy
roduction from renewable and green energy sources. Among the
ifferent energy storage systems electrochemical capacitors (ECs)
nd batteries are two most investigated technological systems
hich lead the state-of-the-art electrochemical energy storage

ystems [1–3]. Batteries can store large amount of energy in a
ightweight compact structure and supply suitable power levels
or many application, virtually all mobile electronic devices store
nergy chemically in them. However, slow charge–discharge rates
nd short cycle life of current battery technologies limits high-
ower applications. Electrochemical capacitors (ECs) also known
s supercapacitors offer transient but extremely high power for
ybrid electric vehicles and mobile electrical systems. It has been
onsidered as one of the most promising energy storage systems
ecause of the higher power densities, faster recharge capabilities
nd longer cycle lives over batteries and it has the capability to store

ore energy than conventional capacitors [4–6]. In general, ECs

tore energy either between the electrode and electrolyte interfaces
s electrical double layer capacitors (EDLCs) or fast and reversible
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redox reaction between electroactive species in electrolytes and
electrodes as pseudocapacitors [7,8]. The practical applications of
supercapacitors are mostly hampered owing to the lack of low cost
high-performance electrode materials. For instance, the specific
capacitance of traditional EDLCs (carbon-based materials) is usu-
ally less than 200 F g−1, which cannot meet the constantly growing
demand for peak-power support of electric vehicles and so on [5,9].
On the other hand, the pseudocapacitors (metal oxides, hydroxides
and conducting polymers) offer very high specific capacitance asso-
ciated with reversible Faradic reactions occurring at the electrode
surface and thus the energy density is several times greater than
that of EDLCs [10–12].

To develop high-performance energy storage devices, one of the
most advantageous approaches is the specific design of materials
with advanced functions. Advancement in supercapacitor technol-
ogy has mostly benefited from nanoscience. Significant research
efforts have focused in the design and fabrication of nanostruc-
tured electrode materials for high performance energy storage
devices due to the fast-rising demand for high-power applications
such as electric vehicles and hybrid electric vehicles. The nanoscale
structures create high surface area, which notably enhances the
efficiency in utilizing the electrode material and thus improve the
performance of electrode [13]. The development of nanostructured
materials, especially metal oxides and hydroxides are pseudoca-

pacitive materials, which have multiple valence states that are
capable of rich redox reactions. Various type of metal oxides and
hydroxides, such as RuO2 [14], NiO [15,16] Co3O4 [17], MnO2
[18,19] and Ni(OH)2 [20,21] and their mixed oxides [22–24] are the
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spheres have a 3D hierarchical urchin-like nanostructure, which is
constructed from 2D nanosheets interconnected with each other
and have interior cavities as shown in the high magnification SEM
images (Figure 2(c) and (d)).
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ost promising candidates for pseudocapacitor electrode materi-
ls. Among these materials Ni(OH)2 is of particular interest due
o its high specific capacitance, low cost and well-defined elec-
rochemical redox activity [25–27]. Huang et al. fabricated nickel
ydroxide electrodes with open ended hexagonal nanotube arrays
nd achieved high specific capacitance of 1328 F g−1 at the cur-
ent density of 1 A g−1[20]. Mesoporous nickel hydroxide with a
aximum capacitance of 1718 F g−1 has been reported by Xing

t al. [28]. Ma  et al. have described uniform Ni(OH)2 nanostruc-
ures by using hydrothermal method. Among them, the flower-like
i(OH)2 nanostructures assembled from ultrathin nanoflakes show

he maximum specific capacitance of 1715 F g−1 at a scan rate of
 mV s−1 [21]. Owing to its excellent electrochemical properties,

t has extensive applications in alkaline rechargeable nickel-based
atteries [29–32]. Different methods have been reported for the
reparation of nanostructured �-Ni(OH)2, such as hydrothermal
33,34], solvothermal [35,36], electrodeposition [26], chemical
recipitation [37,38] and sonochemical [39] methods. Recently,
icrowave method has also gained tremendous attention due to its

omogeneous thermal transmission and short heating time [40,41].
ver the past few years, nano/micro superstructures constructed by
anometer-sized building blocks have been established to be one
f the best materials for ECs. These hierarchical structures should
ake over the exclusive benefits of their main building blocks and
cquire extra advantages from their superior secondary building
locks. These subunits should provide superstructures with fasci-
ating properties such as increased surface area, easing mechanical
tress, assisting the diffusion of foreign substances throughout the
ulk material and so on [42,43]. In the charge storage mechanism,
urface properties play significant role therefore, an active material
ith superior surface properties and high capacitive performance

s indispensable for the development of advanced supercapacitor
evice [44,45].

In this letter, we reported the synthesis of uniform micro-sized
pherical �-Ni(OH)2, which is consisted of 2D nanosheets through

 single step template free microwave method and investigated as
lectrochemical pseudo-capacitive materials for potential energy
torage applications.

. Experimental

.1. Preparation of spherical ˇ-Ni(OH)2

In a typical preparation process of the spherical �-Ni(OH)2, 0.2 g
f Ni(NO3)2·6H2O was dissolved by adding deionized (DI) water
30 mL). The solution was stirred at room temperature, following
he addition of 0.275 g of glycine and 0.275 g of Na2SO4 salt. Then
.5 mL  of NaOH solution (5 M)  was added dropwise under magnetic
tirring to form a clear blue solution. The solution was heated in a
icrowave synthesizer (Model: NOVA-II) at 180 ◦C for 30 min  and

hen cooled down to room temperature. The products were col-
ected by filtration, washed with DI water and absolute ethanol for
everal times and finally dried in an oven at 60 ◦C for 6 h.

.2. Materials characterization

The crystallographic information and morphologies of the pre-
ared spherical Ni(OH)2 were investigated using GBC MMA  X-ray
iffractometer (� = 0.15405 nm), a field emission scanning elec-
ron microscopy (FESEM, Zeiss Supra 55VP) and transmission
lectron microscopy (TEM, JEOL 2011 TEM facility). Thermogravi-

etric analysis (TGA) was carried out by using the 2960 SDT

hermal analyser with a temperature ramp of 10 ◦C min−1 from
oom temperature to 700 ◦C under an air atmosphere. The mea-
urements and analysis of the specific surface area and porosity
etters 610–611 (2014) 115–120

were performed through Brunauer–Emmett–Teller (BET) nitro-
gen adsorption–desorption isotherms and Barret–Joyner–Halenda
(BJH) method, respectively by using a Micromeritics 3 FlexTM sur-
face characterization analyzer at 77 K. Fourier transform infrared
(FTIR) spectra were recorded on a Bruker Tensor 27 IR spectrometer
using KBr as dispersant between 400 and 4000 cm−1.

2.3. Electrochemical measurements

Electrochemical properties of the as-obtained spherical �-
Ni(OH)2 were conducted using a CHI 660C electrochemistry
workstation using cyclic voltammetry and chronopotentiometry
technology in a three electrodes cell, where the as-prepared spher-
ical Ni(OH)2 was used as the working electrode, Pt foil as the
counter electrode and saturated calomel electrode (SCE) as the ref-
erence electrode in 2 M KOH solution. The working electrodes were
prepared by mixing the as-prepared material as active material,
acetylene black as conducting material and polyvinylidene fluo-
ride (PVDF) binder with a weight ratio of 70:20:10. A small amount
of N-methyl-2-pyrrolidinone was added to the mixture to form
slurry. The slurry was coated (area of coating: 1 cm2, and a total
mass of around 1 mg)  onto pre-treated nickel foam for electrical
conductivity and dried under vacuum at 100 ◦C for 12 h. The spe-
cific capacitance was calculated from both cyclic voltammetry (CV)
and galvanostatic charge–discharge measurements.

3. Results and discussion

The crystal structure and purity of the as-prepared spherical
Ni(OH)2 was examined by X-ray diffraction (XRD) as shown in
Figure 1. All diffraction peaks in Figure 1 can be indexed perfectly to
a hexagonal crystal phase of �-Ni(OH)2 (JCPDS card No. 14-0117).
No peaks of any other phases or impurities are detected, suggesting
the high purity of the as-synthesized �-Ni(OH)2.

The morphology of the as-prepared spherical �-Ni(OH)2 was
examined by FESEM. Figure 2(a) and (b) shows the low magnifi-
cation SEM images of the as-prepared sample, which indicating
the formation of uniform numerous micro-sized spherical struc-
tures of �-Ni(OH)2 with sizes around 2.0 �m.  These micro-sized
Figure 1. XRD pattern of spherical �-Ni(OH)2.
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Figure 2. FESEM images of spherical �-Ni(OH)2 (a
We  further used transmission electron microscopy (TEM) and
elected-area electron diffraction (SAED) patterns to identify the
icrostructure of as-prepared spherical �-Ni(OH)2 as shown in

igure 3. It can be clear seen that in general the product is mainly

igure 3. (a) Low magnification TEM image of spherical �-Ni(OH)2 (b) is its correspond
mage  and (d) lattice resolved HRTEM image.
) low magnification, (c and d) high magnification.
micro-sized spherical shape with the uniform particle size from
the low magnification TEM image (Figure 3(a)). All the selected
area electron diffraction (SAED) patterns rings (Figure 3(b)) taken
from the corresponding single spherical Ni(OH)2 can be readily

ing selected area electron diffraction patterns (SAED), (c) high magnification TEM
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Figure 4. TGA curve of as-synthesized spherical �-Ni(OH)2.

ndexed to the hexagonal Ni(OH)2 crystal structure. The high mag-
ification TEM image (Figure 3(c)) illustrated the spherical Ni(OH)2
ere consisted of nanosheets. Figure 3(d) shows the lattice resolved
RTEM image of the Ni(OH)2 nanocrystal, in which the (0 0 1) crys-

al plane with 0.46 nm d spacing can be observed directly, further
onfirming the crystal structure of the as-prepared Ni(OH)2.

Thermogravimetric analysis (TGA) of the as-synthesized spher-
cal �-Ni(OH)2 was carried out between room temperature and
00 ◦C, as shown in Figure 4. The first 5.3% weight loss before 260 ◦C
an be ascribed to the loss of absorbed water. The rapid weight loss
rom 260 ◦C to 322 ◦C is assigned to the decomposition of Ni(OH)2
o NiO. It is noted that at the temperature range between 500 ◦C
nd 700 ◦C there is no obvious weight loss observed, which indi-
ates the complete decomposition of Ni(OH)2, the absence of any
ther phases and structural integrity.

Figure 5 shows the FTIR spectrum, which reveals chemi-
al information and major functional groups of the as-prepared

−1
pherical �-Ni(OH)2. A narrow and sharp peak at 3640 cm is
elated to the �(OH) stretching vibration of non-hydrogen bonded
ydroxyl groups, which confirms the brucite structure of �-Ni(OH)2
hase. The broad band at 3444 cm−1 is assigned to the O H

Figure 5. FTIR spectrum of the prepared spherical �-Ni(OH)2.
Figure 6. Nitrogen adsorption and desorption isotherm and pore size distribution
curve of spherical �-Ni(OH)2.

stretching vibration of interlayer water molecules and hydrogen
bound hydroxyl groups. A strong absorption at 1636 cm−1 can
also be attributed to the stretching and bending modes of surface-
adsorbed water molecules [46]. The peak at 624 cm−1 is ascribed
to the hydroxyl group lattice vibration �(OH) and the absorp-
tion 462 cm−1 corresponding to the stretching vibration of Ni OH
(�Ni OH) [46]. The peak at 1383 cm−1 could be attributed to a
trace surface adsorption of nitrate (NO3

−) ions originating from
the starting nickel nitrate. Due to the basicity of metal hydroxides,
it is normal to adsorb atmospheric carbon dioxide and the peaks
observed at 1636 cm−1, 1479 cm−1 and 1064 cm−1 are assigned to
the presence of carbonate anions on the surface of spherical �-
Ni(OH)2 [37].

The specific surface area and porous nature of the as-prepared
spherical �-Ni(OH)2 were studied by N2 adsorption and desorp-
tion measurements, as presented in Figure 6. From Figure 6 we  can
observe that the curve can be classified as typical Langmuir type
IV isotherms with an obvious hysteresis loop, indicating that the
material has mesoporous structure [47]. The mesoporous structure
was further supported by the BJH pore size distribution data shown
in the inset of Figure 6. The pore size distribution exposes with a
mean pore diameter of 2.4 nm.  The BET surface area of the spher-
ical �-Ni(OH)2 are calculated to be around 76 m2 g−1. Such large
surface area and mesoporous structure can facilitate the transfer
of ions and electrons at the electrode/electrolyte interface and are
considered to be very suitable for application in supercapacitors.

The electrochemical properties of spherical �-Ni(OH)2 as
electrode material for supercapacitors were investigated. To eval-
uate the electrochemical properties cyclic voltammetry (CV) and
chronopotentiometry measurements were carried out in a three-
electrode cell. Figure 7(a) gives the galvanostatic charge–discharge
profiles in an aqueous 2 M KOH electrolyte between 0 and 0.4 V (vs.
SCE) at different current densities ranging from 1 A g−1 to 10 A g−1.
The nonlinear shape of charge–discharge curves confirmed the
pseudocapacitive behaviour of �-Ni(OH)2. The specific capacitance
can be calculated by the formula, C = I�t/m�V, in which I is the
discharge current, �t  refers the discharge time, m denotes the
mass of the active material and �V  represents the voltage window.

Hence, the calculated specific capacitances are 2147, 1775, 1437
and 975 F g−1 corresponding to discharge current densities of 1, 2, 5
and 10 A g−1, respectively. Figure 7(b) shows the representative CV
curves of spherical �-Ni(OH)2 electrode tested in an aqueous 2 M
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Figure 8. (a) Specific capacitance at various discharge current densities and (b)
cycling performance of spherical �-Ni(OH)2 at a scan rate of 50 mV s−1. The charge
igure 7. (a) Galvanostatic charge/discharge curves at different current densities

1–10 A g−1) and (b) CV curves at various scan rates ranging from 2 to 50 mV s−1 for
he  spherical �-Ni(OH)2 electrode in 2 M KOH electrolyte.

OH electrolyte at different scan rates within the potential win-
ow of 0–0.5 V (vs. SCE). In all CV curves, a pair of redox peaks is
learly observed and the shapes of the CV curves are well distin-
uished from that of the EDLC, which reveals the energy storage
echanism of �-Ni(OH)2 primarily originates from faradic redox

eactions. At the scan rate of 2 mV s−1 the anodic peak (positive
urrent density) observed around 0.3 V (vs. SCE) indicates an oxi-
ation of Ni(OH)2 to NiOOH, whereas the cathodic peak (negative
urrent density) detected around 0.17 V (vs. SCE) corresponds to
he reverse process. It is well recognized that the surface Faradic
eaction for Ni(OH)2 electrode material will proceed according to
he following reaction [48]:

i(OH)2 + OH− ↔ NiOOH + H2O + e− (1)

When the scan rates increase from 2 to 20 mV  s−1 the shape of
he CV curves does not change significantly, which reveals excellent
lectrochemical reversibility of the electrode owing to the facile
on diffusion and good adsorption behaviour of �-Ni(OH)2 elec-
rode. The corresponding specific capacitance was also calculated

rom the CV curves according to the equation, C = Q/�m�V,  where

 is the charge obtained by integrating the CV curves, � is the
can rate, m is the mass of active material and �V  is the poten-
ial window of each scan. According to the CV curves the calculated
and  discharge curves of �-Ni(OH)2 for the first ten cycles (the inset in Figure 8(b)).

values to be 1909, 1720, 1369 and 1051 F g−1 at the scan rate of 2,
5, 10, and 20 mV s−1, respectively. The specific capacitance deter-
mined from both charge–discharge and CV curves is much higher
than the previously reported �-Ni(OH)2 nanoflakes [21], �-Ni(OH)2
nanoparticles [26] and mesoporous nickel hydroxide [28]. The high
specific capacitance can be attributed to the unique micro-sized
spherical structure constructed by nanosheets which provides high
specific surface area and effective diffusion channels. These diffu-
sion channels reduce the diffusion length for the electrolyte ions,
guarantees rapid contact of electrolyte ions to the large surfaces
of electroactive �-Ni(OH)2. The �-Ni(OH)2 consist of nanosheets
connected with each other and interior cavities, which act as ‘ion-
buffering reservoirs’ and effectively mitigate the volume expansion
during charge/discharge cycling. As a result, the unique spherical
�-Ni(OH)2 electrode can achieve a high electrochemical utilization
even at high current densities and high scan rates.

Figure 8(a) shows the specific capacitances of spherical �-
Ni(OH)2 electrode at different current densities. When the current
density increases from 1 A g−1 to 20 A g−1 the specific capacitances
noted to decrease, which can be ascribed to the presence of inner

active sites that are incapable to take part complete redox transi-
tions at high current densities. This suggests that the parts of the
electrode surfaces are unreachable at high current densities [49].
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The long-term cycling performance is one of the most significant
arameters for practical application of supercapacitors. The spher-

cal �-Ni(OH)2 was further tested by repeating CV tests over 2000
ycles at the scan rate of 50 mV  s−1 as demonstrated in Figure 8(b).
otably, capacitance deterioration is only 0.5% after 2000 continu-
us cycles, indicating the excellent long-term cycling stability. It is
lso worth noting that the charge and discharge curves of spherical
-Ni(OH)2 (inset in Figure 8(b)) for the first ten cycles are nearly
ame at the current density of 20 A g−1, which also confirming the
xcellent electrochemical reversibility of the �-Ni(OH)2 electrode.
hus, the spherical �-Ni(OH)2 assembled from nanosheets demon-
trate superior specific capacitance with excellent cycling stability,
aking them promising electrode materials for practical applica-

ions.

. Conclusions

In summary, we propose a simple but efficient strategy
o prepare uniform spherical �-Ni(OH)2 superstructures, which
s composed of nanosheets. Such a unique morphology with

esoporous character facilitates fast ion and electron transport,
lleviates the volume expansion during OH− insertion and extrac-
ion process and ensures adequate Faradic reactions at high current
ensities for energy storage. Electrochemical results show that
he spherical �-Ni(OH)2 demonstrates a high specific capaci-
ance of 2147 F g−1 at 1 A g−1 and excellent cycling stability (0.5%
apacitance loss after 2000 cycles). Importantly, this facile and cost-
ffective strategy could be extended to the preparation of other
lectroactive materials for electrochemical capacitors.
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